Highly porous Co-doped TiO 2 nanotubes synthesized from a hydrothermal treatment were used to photodecompose methylene blue (MB) in liquid phase under visible light irradiation. The anatase-type titania nanotubes were found to have high specific surface areas of about 289-379 m 2 /g. These tubes were shown to be hollow scrolls with outer diameter of about 10-15 nm and length of several micrometers. UV absorption confirmed that Co doping makes the light absorption of nanotubes shift to visible light region. With increasing the dopant concentration, the optical band gap of nanotubes became narrower, ranging from 2.4 eV to 1.8 eV, determined by Kubelka-Munk plot. The Co-doped nanotubes exhibit not only liquid-phase adsorption ability, but also visible-light-derived photodegradation of MB in aqueous solution. The synergetic effect involves two key factors in affecting the photocatalytic activity of Co-doped titania nanotubes under fluorescent lamp, that is, high porosity and optical band gap. The merit of the present work is to provide an efficient route for preparing Co-doped TiO 2 nanotubes and to clarifying their adsorption and photocatalytic activity under fluorescent lamp.
Introduction
Tubular form of TiO 2 has attracted considerable research for its potential applications in organic light-emitting diodes, photocatalysts, gas sensors, and high-effect solar cells [1] [2] [3] [4] [5] [6] , among others. To enhance efficient photocatalytic application, it is generally recognized to increase the active surface area of TiO 2 nanostructures [1, 5] . Recently, various titania nanotubes have been synthesized by using hydrothermal treatment [2, [7] [8] [9] , soft-chemical synthesis [4] , and selforganization combined with electrochemical method [1, 3] . The as-prepared titania nanotube is of mesoporosity and high aspect-ratio structures with nanocrystalline walls, showing promising candidates for use in photocatalytic (e.g., de-NO x catalyst) [5] and photoelectrochemical (e.g., electrodes of dye-sensitized solar cell) systems [10] .
Hydrothermal treatment is an efficient chemical route, capable of preparing highly porous TiO 2 nanotubes. Early work has investigated the hydrothermal synthesis of crystalline titania particles to produce high-purity titania-based nanotubes with an average diameter of ca. 10 nm [7] [8] [9] . This ability to fabricate the TiO 2 nanotubes is expected to positively impact realistic applicability. Apart from high porosity, one of vital concerns on the photocatalytic efficiency of TiO 2 nanostructures is based on solar light conversion. Analyzed on solar light spectrum, visible light accounts for 45% of energy from the solar radiation, whereas UV light is less than 3%-4% [11] . This reflects that only 3%-4% solar light can be applied according to the band gap of anatase-type TiO 2 of 3.0-3.2 eV [3] . One possible way for improving the efficiency in visible range is to narrow band gap or split into several subgaps of TiO 2 . Pioneer studies have reported doping of TiO 2 with suitable species such as metal ions such as Pt, V, Ni, Mn, Cr, or Fe [11] [12] [13] [14] , or nonmetals such as N atoms [8, [15] [16] [17] [18] . They have been demonstrated to improve the photocatalytic reactivity toward organic molecules under visible light illumination. Recently, the Co doping into TiO 2 nanocatalysts has been confirmed to exhibit superior photodegradation capability under visible light irradiation [19, 20] . However, to our knowledge, there are few reports It is believed that a most straightforward approach for metallic doping would be ion implantation. Although this doping technique efficiently introduces species into TiO 2 compact layers, it unfortunately accompanies the structural damage of crystallites that may strongly reduce the photon conversion efficiency [1] . Moreover, the ion implantation is often expensive based on economic viewpoint. Within the above scope, this study intends to develop a simple hydrothermal synthesis of Co-doped titania nanotubes with cobalt nitrate +NaOH aqueous solutions. TiO 2 nanotubes with various amounts of Co dopants were synthesized to examine their photocatalytic efficiencies under visible light irradiation. The as-grown TiO 2 nanotubes were also characterized by high-resolution transmission electron microscope (HR-TEM), UV absorption, N 2 physisorption, and visiblelight-derived photocatalysis of methylene blue (MB). In this study, the relationship between the visible-light photocatalytic activity and the amount of Co content has been explored. The merit of the present work is to provide an efficient route for preparing highly porous TiO 2 nanotubes and to clarifying their adsorption and photocatalytic activity under fluorescent lamp. 2 Nanotubes. Titania-based nanotubes synthesized by hydrothermal synthesis have been reported elsewhere [2, [7] [8] [9] . The TiO 2 precursor used in this study was commercial TiO 2 nanopowders (P25, Degussa AG), consisted of ca. 30% rutile and ca. 70% anatase in crystalline phase. In the nanotube preparation, 2 g of the TiO 2 powder was mixed with 100 mL of 10 M NaOH + 0.01 M Co(NO 3 ) 2 aqueous solution, followed by thermal treatment of the mixture at 135
Experimental Section

Preparation of Co-TiO
• C in a Teflon-lined autoclave for 24 hr. Here, four molar ratios of Co to Ti were set at 1, 3, 5, and 7 mol%, respectively. We subjected the precipitate from filtration to pH-value regulation by mixing it with 1 L of 0.1 N HNO 3 solutions. To obtain anatase-type titania, the pH value of the slurry was adjusted to 1.6 by HNO 3 washing [7] . The final products were obtained by the filtration with subsequent drying at 110
• C overnight.
Characterization of As-Grown
Nanotubes. An UV spectrometer (Varian Cary100) was applied to analyze the reflectance spectra of titania samples, ranged from 200 nm to 800 nm in wavelength. The phase identification of TiO 2 nanotubes was characterized by XRD with Cu Kα radiation using an automated X-ray diffractometer (Philip PW 1700). HR-TEM (JEOL JEM-6500F) was used for morphological observations of the Co-TiO 2 nanotubes. Specific surface areas and pore volumes of the derived nanotubes were determined by gas adsorption. An automated adsorption apparatus (Micromeritics, ASAP 2000) was employed for these measurements. Adsorption of N 2 , as a probe gas, was performed at −196 • C. Nitrogen surface areas and micropore volumes of the samples were determined from BrunauerEmmett-Teller (BET) and Dubinin-Radushkevich (DR) equations, respectively. The amount of N 2 adsorbed at relative pressures near unity (P/P 0 = 0.98 in this work) has been employed to determine the total pore volume, which corresponds to the sum of the micropore and mesopore volumes. The peak pore diameter of nanotubes can be estimated according to pore size distribution, determined from Barret-Joyner-Halenda (BJH) method.
Liquid-Phase Adsorption and Photodegradation.
Adsorption experiments of MB were conducted by placing a certain amount of TiO 2 adsorber and 100 cm 3 of the prepared aqueous solution into a glass-stoppered flask. The flask was put in a constant-temperature shaker bath, with a shaker speed of 100 rpm. The adsorption temperature and period employed here were 40
• C and 5 hr, respectively. Preliminary experiments had shown the adsorption process attained equilibrium in 5 hr for all TiO 2 samples used in the present study.
After liquid-phase adsorption, MB photodegradation on TiO 2 nanotubes was carried out to examine the photocatalytic reactivity under visible illumination. The photocatalytic decomposition of MB solutions was characterized by an UV-visible spectrometer (Shimadzu UV-2550). Based on the Beer-Lambert law [15] , the concentration of MB aqueous solution is linearly proportional to the absorbance of measured spectrum in the concentration range around 30 mg/L. The MB-adsorbed titania slurries were also illuminated at 40
• C, employing a 13 W fluorescent lamp. To ensure no UV light illumination, the irradiation from the fluorescent lamp was filtered through an UV cut filter (Newport FSQ-GG 400), which allows the visible light >400 nm pass through the filter. The incident intensity of illumination from the visible light was set at 750 μW/cm 2 . 2 Nanotubes. The assynthesized nanotube samples were designated as Co-1-TNT, Co-3-TNT, Co-5-TNT, Co-7-TNT, respectively, according to preparation of different Co/Ti molar ratios. In Figure 1 , the microstructure of Co-TiO 2 nanotubes are illustrated by HR-TEM images. As shown in Figure 1 , the as-grown Co-TiO 2 nanotubes are hollow with outer diameters of ca. 10-15 nm, inner diameters of ca. 5-10 nm, and lengths of several micrometers. Both the ends are opened, which is extremely critical for their adsorption and photocatalysis capability. The as-grown Co-TiO 2 nanotubes are generally homogeneous that is, narrow tubular size distribution. It can be observed from Figure 1 samples determined according to the adsorption data are also collected in Table 1 . These atomic Co concentrations in titania crystallites were measured by electron diffraction spectroscopy (EDS) collected, as shown in Table 1 . In comparison, the titania nanotubes (TNT) without any Co doping is used as a reference. The specific surface areas in a range of 289-379 m 2 /g are much higher than for the starting material (P25), which has a surface area of ca. 50 m 2 /g. It can be observed from this table that the titania nanotubes are highly mesoporous.
Results and Discussion
Textural Characteristics of Co-TiO
As shown in Table 1 , the specific surface area is found to decrease with the doping amount. This change is probably attributed to the introduction of cobalt atoms in titania crystalline structure, thus resulting in different titania nanotubes. Indeed, this transformation of TiO 2 precursor to anatase-type titania nanotube has been well examined and reported elsewhere [2, 7] . However, the formation of Co-doped titania nanotubes prepared from hydrothermal synthesis is rarely discussed. Upon NaOH treatment, some of Ti-O-Ti bonds are broken, forming an intermediate containing Ti-O-Na, Ti-O-Co, and Ti-OH. This indicates that Co and Na atoms would occupy some broken Ti-O bonds of the TiO 2 precursor simultaneously, leading to the formation of lamellar fragments that are intermediate phase in the formation process of the nanotube material. These intermediates would proceed with rearrangement to form sheets of edge-sharing TiO 6 octahedra with Co 2+ , Na + , and OH − intercalated between the sheets. Since the bond distance of Co-O is larger than that of Na-O (ca. 0.23 nm in NaOH) and H-O (ca. 0.15 nm in H 2 O), the intercalation with Co 2+ ions would result in a larger interlayer distance than that with Na + and H + . Then the sheets would be scrolled to become nanotubes after HCl washing [2] . The rolling of the sheets reduces the number of surface dangling bonds, and thus lowers its system energy [8] . The presence of Co ions in these sheets would probably cause surface heterogeneity, forming different curvatures of nanotubes. This can be attributed to a fact that the Co doping affects the surface characteristics of as-grown nanotubes. The pore size distributions of these nanotubes are depicted in Figure 3 , which were calculated from their N 2 adsorption isotherms, using BJH method. These distributions are found to have one, two, or three peaks in mesopore size range. The peak pore sizes range from 8 to 15 nm, identical with the HR-TEM observation. This implies that both tips of nanotubes are opened and their inner cavities are accessible to N 2 gas molecules. It can be inferred that the inner cavities in nanotubes possess a major contribution to the total pore volume. • , respectively. It is obvious that the rutile of P25 has been transferred to anatase. The anatase phase with a longer c axis has been reported to be the preferred phase in TiO 2 nanotubes [7, 8] . Interestingly enough, the peak intensity is found to increase with the dopant concentration. Generally, the vague peaks reflect the small number of crystalline layers due to the small wall thickness of the tubes. This implies that the doping of Co may affect the rolling of the sheets; that is, different curvatures of rolled sheets would dominate the wall thickness of tubes.
XRD and UV Absorption of Co-TiO
The XRD cannot identify the low amount of Co dopant in titania nanotubes due to its detection limit. However, three diffraction peaks (101), (004), and (200) appear a slight shift after the introduction of Co dopant (see Figure 4) , resulting in the small change of lattice parameters. Accordingly, this result reflects that the Co dapants insert into the crystalline TiO 2 structures without any Co or cobalt oxide coatings. The lattice parameters and interlayer distances of various titania nanotubes based on the XRD patterns are collected and listed in Table 2 To inspect the concentration of Co dopant, an EDS technique was employed to measure atomic ratios of assynthesized titania samples. Table 1 shows the atomic ratios of the nanotubes determined form EDS analysis. The weight percentage of Co dopant to TNT for all Co-doped titania nanotubes has an order as follows: Co-1-TNT (0.19%) < Co-3-TNT (0.43%) < Co-5-TNT (0.56%) < Co-7-TNT (0.73%). Generally, the atomic ratio of Co is found to be slightly lower than the operating ionic concentration in the precursor. The decrease can be attributed to the replacement of metal ions with protons during acid washing. Figure 5 shows the diffuse reflection spectra of the titania nanotubes as a function of wavelength. It is well known that anatase-type TiO 2 crystalline structure has a strong absorption edge below ca. 380 nm [11] . The absorption edges of Co-doped TiO 2 nanotubes show a shift to visible-light region (i.e., >400 nm in wavelength). After that, an obvious peak is found within the wavelength region 550-650 nm, in where the peak height is found to increase with the dopant concentration. The absorption peak at 550-650 nm can be ascribed to the formation of impurity energy level within the band gap. This proves that the hydrothermal doping technique has modified the UV-visible absorption characteristics of titania catalysts.
Theoretically, the absorption spectrum used for the calculation of band gap can be expressed in terms of F(R), Kubelka-Munk (KM) model. The diffuse reflectance, R, of the titania sample is related to the KM function by [21] [22] [23] 
where α and S represent the absorption coefficient and the scattering coefficient, respectively. The KM model is frequently used to estimate the absorption band gap based on the diffuse reflection spectra [21, 23] . The optical band energy of titania samples can be evaluated by using a linearity plot of [F(R) · hν] 1/η versus hν, in which hν is the energy of the incident photon and the exponent η depends on the type of optical transition caused by photon absorption [23] . An excellent fitting was proposed by using the KM plots (η = 2) for the metal-oxide nanocrystals. As shown in Figure 6 , the linearity KM plots were extended and intersected with x-axis, that is, the energy of the incident photon. The intersection represents the optical band gap of titania samples. It can be seen that all magnitudes of band gaps are smaller than 3.2 eV, and the optical band gap shows a decreasing trend with the Co dopant concentration: Co-1-TNT (2.3 eV) > Co-3-TNT (2.1 eV) > Co-5-TNT (2.0 eV) > Co-7-TNT (1.9 eV). The above results disclose two messages: (i) the Co dopants effectively make the band gap narrower and (ii) the variation of band gap depends on dopant concentration. Figure 7 shows a quantitative description of the band gap as a function of dopant concentration in Co-TiO 2 nanotubes. A gradual decreasing relationship between the optical band gap and the number of Co dopants confirms that the hydrothermal synthesis of Co doping in the TiO 2 nanotubes leads to a pathway of "communicated electrons" between these crystals. 2 Nanotubes. To examine the photocatalytic efficiency of titania samples, a possible mechanism for removing MB on Co-TiO 2 nanotubes is taken into account, which consists of (i) liquid-phase adsorption of MB and (ii) photocatalysis of adsorbed MB under fluorescent lamp. Numerous studies have proposed the similar photocatalytic mechanism in describing decomposition of various organics on TiO 2 and ZnO nanostructures [24] [25] [26] [27] [28] [29] . Accordingly, the adsorption capability of MB on titania nanotubes plays an important role in affecting the photocatalytic efficiency. Thus, the active sites for MB adsorption are believed to be governed by the surface structure of titania nanotubes. To figure out adsorption and photocatalysis effects, an adsorption experiment in complete darkness is carried out first. The adsorption capacity as a function of time for all titania nanotubes is shown in Figure 8 . An adsorption equilibrium of MB adsorption within 2 hr is reached, and the adsorption capacities show an order as follows: Co-1-TNT (110 mg/g) > TNT (101 mg/g) > Co-3-TNT (97 mg/g) > Co-5-TNT (91 mg/g) > Co-7-TNT (70 mg/g). These adsorption capacities of titania nanotubes are much higher than that of nanoparticles [30] . This order is generally followed by the magnitude of specific surface area of nanotubes, indicating International Journal of Photoenergy that the nanotubes offer different numbers of active sites for the MB adsorption in liquid phase.
Adsorption and Visible-Light Photocatalysis of MB on CoTiO
As for MB-titania interaction, the electrostatic attraction plays a crucial role in the physical adsorption [31] . The adsorption process can be tentatively expressed in thermodynamic term as where MB represents the adsorbates in liquid phase, TNT * the available adsorptive sites on titania nanotubes, and TNT * (MB) the adsorptive sites occupied by MB molecules. The sum of TNT * and TNT * (MB) numbers is thus the total number of sites, capable of adsorbing the MB molecule at monolayer coverage (R1). The adsorptive surface coverage Θ ads , that is, the fraction of BET area covered by MB molecules, can be evaluated by assuming that the area occupied by a MB molecule is estimated to be 130Å 2 [31] .
The calculated adsorptive coverage Θ ads for the nanotubes ranges from 60% to 70%, proving the presence of surface heterogeneity for MB adsorption. The adsorptive coverage shed a clue that explores (i) the normalization of adsorptive areas due to different porosities of Co-doped TNTs and (ii) the number of active sites for adsorbing MB molecules from the initial aqueous solution. Since all Co-TiO 2 nanotubes has alike physically surface structure (e.g., mesopore fraction and pore size distribution), this difference among Θ ads values is thus attributed to surface heterogeneity, contributed from the presence of Co dopants. Figure 9 shows the variation of surface coverage Θ ads with Co dopant concentration. The adsorptive surface coverage (Θ ads ) smaller than 100% reflects that MB cannot completely wet titania surface in the adsorption system. Generally, the liquid-phase adsorption in the monolayer region is different from that in the multiplayer region, and the surface coverage possibly relates to hydrolyzed surface area and existence of -OH group over titania nanotubes. Basically, TiO 2 surface favors hydrophilic behavior [4] , whereas metallic cobalt appears a more hydrophobic characteristic. Pan et al. have revealed the enhanced hydrophobicity of Co-doped TiO 2 nanocrystals [32] . However, it is worth noting that the MB molecules in aqueous solution are prone to be hydrates, favoring the surface of hydrophilic nanotubes. Accordingly, the adsorption capacity shows a gradual decreasing function of the amount of Co dopant. Thus, more Co doping would lead to the better water repellency, probably diminishing adsorptive surface coverage of MB in aqueous solution. Visible-light photocatalysis of MB on Co-TiO 2 nanotubes is conducted after attaining adsorption saturation, and the photocatalytic kinetics are also shown in Figure 8 . As expected, original TNT appears a little visible-light photocatalytic capability (<3 mg/g), whereas these Co-TiO 2 nanotubes display photocatalytic ability in decomposing organic dyes under fluorescent lamp. This proves that the hydrothermal synthesis of Co-TiO 2 tubes is an efficient approach in enhancing not only specific surface area but also photocatalysis performance under fluorescent lamp. Accordingly, the synergetic effect involves two key factors in affecting the photocatalytic activity of Co-doped titania nanotubes under fluorescent lamp, that is, high porosity and optical band gap. However, these kinetic curves appear a slower MB removal rate in comparison with the liquid-phase adsorption, since the photocatalytic equilibrium takes a long period of 40 hr. The visible-light photocatalytic effectiveness seems to be less significant than the adsorption.
The adsorption process has been illustrated as (R1). The photocatalysis of MB molecules under visible illumination can be considered as a surface-catalyzed reaction, which depends on the number of adsorptive sites and optical band gap of TS catalysts. It is generally recognized that conduction band electrons (e − ) and valence band holes (h + )
are generated on the surface of photocatalysts when the aqueous catalyst suspension is illuminated by light with an energy higher than the band gap energy [33] , as expressed in (R2). Holes can react with water adhering to the surface of Co-TiO 2 nanotubes to form highly reactive hydroxyl radicals (OH•), as shown in (R3). Oxygen acts as an electron acceptor by forming a superoxide radical anion (O
, as shown in (R4). The suspension of superoxide radical anions may act as oxidizing agents or as an additional source of hydroxyl radicals via the subsequent formation of hydrogen peroxide, as shown in (R5)-(R7). The strong oxidants associated with hydroxyl radicals react with adsorbed MB molecules, and make the blue solution colorless, as shown in (R8). Since decomposition reaction of the MB is composed of several steps, (R8) is just a simplified form [33] .
Accordingly, this reaction (R2) enables the promotion of redox ability of the photogenerated electron-hole pairs, by carrying out the following sequences. The Co-doped crystals are capable of acquiring the excitation energy from visible irradiation. This is attributed to the fact that its narrow band gap easily obtains the electron-hole pairs over the nanotubes under fluorescent lamp, thus, leading to the photocatalytic activity. The photocatalytic reaction is basically a surface reaction that is assumed to take place on the adsorptive site. If this assumption is correct, the surface coverage of photocatalysis sites should be the same as that of adsorptive sites based on equal apparent rate constants. According to the photocatalytic capacity at 40 hr visible illumination, the surface coverage for MB photocatalysis (Θ photo ) is evaluated for proving the above assumption. The relation of calculated Θ photo values versus Co dopant concentration is also plotted in Figure 9 . It can be seen that the two surface coverages, Θ ads and Θ photo , cannot match each other, indicating that the assumption fails. The smaller value of Θ photo (i.e., within 20%-40%) shows that only 50%-60% MB-adsorbed sites would be photocatalyzed under fluorescent lamp. This result can be attributed to two possible explanations. The first one is that the source of visible-light irradiation in this study is too weak to photogenerate enough number of electron/hole pairs, thus partially photocatalyze some MB-adsorbed sites. Secondly, the photocatalysis is a parallel and complicated chemical reaction (R2)-(R8), showing a higher energy barrier than the physical adsorption needed. Generally, the physical adsorption of MB would take place on nonspecific sites, whereas the photocatalysis generates International Journal of Photoenergy 9 only on some specific adsorptive sites. On specific sites, the photoexcited energy required (1.8-2.4 eV) is one or two order higher than the physisorption. Additionally, the visible photocatalysis of MB takes a very long period in comparable to the physisorption, as shown in Figure 8 . This means that the serial of photocatalytic reactions (R2)-(R8), including photoinduction, electron/hole generation, radical formation, and MB decomposition, thus become a rate-determining step during MB decomposition process. Thus, this may induce a lower surface coverage for photocatalysis of MB under fluorescent lamp.
As shown in Figure 9 , the value of Θ photo , is also a decreasing function of the Co dopant concentration. Again, this confirms that the optical band gap is not the key factor in affecting the visible photocatalytic performance. In this work, 1 at. % Co dopant concentration in titania crystalline structure is competence for visible photocatalysis. This couple of decline relationship in Figure 9 can be ascribed to that total amount of adsorptive sites significantly affects the number of photocatalyzed sites. Accordingly, titania nanotubes with a large number of pores are expected to facilitate the liquid-phase adsorption capacity, which also induces the enhancement of the visible photocatalysis capability.
Conclusions
The present work showed efficient Co doping of highly porous TiO 2 nanotubes by hydrothermal synthesis. The specific surface areas of Co-doped TiO 2 nanotubes were found to have a great value of ca. 289-379 m 2 /g. These tubes were shown to be hollow scrolls with a typical outer diameter of about 10-15 nm, inner diameter 5-10 nm and length of several micrometers. The titania nanotubes had an anatase-type crystalline structure. UV absorption analysis reflected that these titania nanotubes show a strong absorption in the visible range and narrow optical band gap within 1.8-2.4 eV, according to the KM plots. We have confirmed that the Co-TiO 2 nanotubes displayed a photocatalysis ability in decomposing organic dyes under fluorescent lamp. The visible photocatalysis would take a long period of 40 hr, indicating that the visible photocatalysis is a rate-determining step during the MB removal process. On the basis of the results, the hydrothermal synthesis of Co-TiO 2 tubes is an efficient approach in enhancing not only specific surface area, but also photocatalysis capability under fluorescent lamp. This novel titania nanostructure, Co-doped titania nanotubes, can improve the photocatalytic efficiency in a variety of photocatalysis applications because of the combination effect of a high porosity with a visiblelight-derived photocatalysis.
